Traditional breeding techniques, especially recurrent selection, have been used successfully to develop rice oped by Marchetti and Bollich (1991) was designed to marker development to facilitate marker-assisted selection of these account for differences in disease severity observed bethree SB-QTLs is warranted.
S heath blight, caused by the fungus Rhizoctonia sogenotypes appear resistant when they have actually delani Kü hn, is one of the major foliar diseases of rice veloped during a time when the environment was not worldwide that severely impairs both grain yield and optimal for fungal development. Sclerotia float on the quality (Ou, 1985) . R. solani is a soilborne fungus with a surface of the water in flooded rice paddies. Rhizoctonia broad host range that includes weed species and several infection occurs at the water line then spreads up the cultivated crops. Fungicides capable of controlling the plant. Thus, even small (Ͻ5 cm) differences in flood disease are available, but field scouting, proper timing depth and/or mature height between plots and genoof application, and aerial application of chemicals to types can affect disease ratings by impacting the distance flooded rice fields increase the production cost and limit between point of infection and the panicle. Due to high the success of chemical control of SB disease. Although macro-and micro-environmental sensitivity, phenotypic the existence of genes with large effect on SB resistance evaluation of SB resistance requires replication and relhas been reported in some lines (Xie et al., 1990 ; Pan atively large amounts of seed and is thus limited to later et al., 1999) , no single gene conferring complete resisbreeding generations. tance to the fungus has yet been identified in rice. Thus,
In an effort to provide breeders with a more effective the wide variation seen among rice varieties for resisselection procedure, two research groups (Li et al., tance to this disease (Khush, 1977; Groth and Nowick, 1995a; Zou et al., 2000) have identified SB-QTLs based 1992) is generally considered to be due to multiple resison cosegregation between markers and disease response tance genes and modeled as a polygenic quantitative as observed in specific mapping populations. Li et al. trait (Sha and Zhu, 1989; Li et al., 1995a) .
(1995a) observed disease response in F 2:3 progeny plots derived from a cross between 'Lemont' and 'Teqing'; CROP SCIENCE, VOL. 45, MARCH-APRIL 2005 (base 10) of the odds ratio (LOD) peak reported by Li noted by Li et al. (1995a) , such that the assignment of a single disease rating per plot was sometimes difficult et al. (1995a) (shown in Fig. 1 ). Lemont was used as the susceptible parent in each of the two prior SB studduring that study. Zou et al. (2000) eliminated plantto-plant genetic variance by working with clonal F 2 plants ies, and was the source of the resistance allele for this commonly identified locus on chromosome 11 (Zou et but plot size was small, consisting of only eight transplanted plants. In the present study, we used a replicated al., 2000).
Molecular geneticists and breeders are understandset of pure-breeding recombinant inbred lines to increase the reliability of the quantitative disease ratings, ably hesitant to divert time and resources toward use of QTL markers for crop improvement until the exiswhich would in turn improve the accuracy of the QTL mapping results. Our objective was to confirm the locatence and effect of those QTLs are confirmed. QTL confirmation may come from documented phenotypic tion and effect of the previously reported SB-QTLs and identify additional SB resistance loci as a step toward change after marker-assisted selection (Romagosa et al., 1999; Kabelka et al., 2002) , coincident shift in trait our long-term goal of facilitating marker-assisted selection. and allele expression when the QTL or marker-allele has been isolated in NILs (Swarup et al., 1999) , or from independent identification of similarly located SB-QTLs MATERIALS AND METHODS in more than one population and/or environment (Terry et al., 2000; Bohn et al., 2001; Foolad et al., 2001; Rice Study Population and Linkage Map et al., 2001) . Since the ability to identify marker-gene This project used a set of 300 RILs in the F 10 and F 11 generaassociations is limited by the reliability of the phenotypic tions derived from a cross between Lemont (Bollich et al., data, it is possible that the lack of agreement between 1985), a U.S. cultivar susceptible to R. solani, and Teqing (Li the two SB-QTL studies was caused by the quality of et al., 1995a), a highly tolerant rice cultivar developed in China.
phenotypic data gathered and evaluated. Segregation These RILs were derived by single seed descent (Pinson et al., 1999) from the F 2:3 population which Li et al. (1995a) used within several of the F 2:3 plots was both expected and to identify six SB-QTLs. The marker data and framework Plant height and heading date were evaluated according to standard previously employed methods (Li et al., 1995b) . Plant linkage map for these RILs were previously developed and used to locate major genes and QTLs for blast resistance height was defined as the distance (cm) between the ground surface and the tip of the uppermost panicle and was measured (Tabien et al., 2000; Tabien et al., 2002) . This map was formed using genotypic data from 284 F 8 generation RILs and was in similarly grown but uninoculated plots replicated three times in nearby fields in the same years and generations as comprised of 173 RFLP-tagged loci plus two morphological markers distributed at an average of 10 centimorgans (cM; the SB plots. The number of days between planting and heading time was observed in both the inoculated and uninocu- Kosambi, 1944) . lated plots.
Field Evaluation of Sheath Blight Resistance and Related Morphological Characters Data Analysis
Analysis of variance of SB, height, and heading data indiSheath blight resistance was evaluated in replicated field plots at the Texas A&M University System Agricultural Recated that replication effects were insignificant within years for each trait. Phenotypic data were therefore averaged over search and Extension Center in Beaumont, TX, following the procedure used by Li et al. (1995a) . Seed of 300 RILs was annual replications. Marker-trait linkage analyses were conducted using the two 1-yr averages plus a 2-yr mean phenotypic drill-seeded into plots 2.4 m in length by three rows in width with 18 cm between rows and between plots. Three replicadata set. The QTLs listed in Table 1 acquired a significant LOD score in one or more of the linkage analyses conducted tions of F 10 plants were observed in 1995 and four replications of F 11 plants in 1996. Inoculum was prepared following Marfor each trait.
Interval mapping was performed using MapMaker-QTL chetti and Bollich (1991) and applied to plots approximately 60 d after planting. R. solani generally does not infect a plant version 1.1 (Lander and Botstein, 1989) and followed the procedure of Tabien et al. (2002) . A putative QTL was deseverely until the host plant begins the grain filling process, when carbohydrates are remobilized upward to the developing clared in a region having a LOD score Ն 2.4 only when one or both markers flanking that LOD peak also attained a kernels. As per Li et al. (1995a) , the plots were rated weekly, then the disease score acquired approximately 30 d after head-LOD Ն 2.0. For each set of phenotypic data analyzed, the QTL having the largest LOD score was established, or fixed, ing for each plot was selected for analysis. A standard rating scale of 0 to 9 was used, where each unit of the scale approxias a cofactor in a multilocus genetic model within MapMaker-QTL, then the genome was rescanned to test for the presence mates the proportion of aboveground plant length showing disease symptoms (Li et al., 1995a) . A rating of 0 indicated of additional QTLs with smaller effects. The LOD threshold remained at 2.4 over background LOD for the rescanning no evidence of infection, 9 indicated that the plants were killed and collapsing, and 5 indicated that about 50% of the height process which was repeated until no new putative QTLs were detected. When a scan identified multiple peaks within a chroof the plants above the water line was diseased. -8-1 and qSB-8-2 acquired LOD Ͼ 2.4 in interval analysis after fixing three loci, namely qSB-3-1, qSB-3-2, and qSB-9. mosomal region, the peak with the larger LOD score was Teqing provided the resistance alleles for all loci except "fixed" and the genome was rescanned. Two loci were dethe two QTLs located on chromosome 8. Six of the presclared in that region if the LOD score for the 2-gene model ently identified SB-QTLs-referred to as qSB-2, qSBexceeded the LOD score of the highest 1-gene model by 2.0 3-1, qSB-3-2, qSB-4-2, qSB-8-1, and qSB-9 in Table 1 or more. MapMaker-QTL 1.1 considers a maximum of seven and Fig. 2 -overlapped in genomic location with preQTLs in any single model. The weight of each QTL was viously reported putative SB-QTLs (Li et al., 1995a;  calculated from an interval analysis model that simultaneously Zou et al., 2000) . Whether the resistance allele origi- here, qSB-3-1 displayed the highest LOD score and the Single factor ANOVA was performed using SAS PROC largest additive effect among the QTLs identified in GLM (SAS Institute, 2000) with a F-test probability level set Lemont and Teqing. With independent identification conservatively at 0.002 to minimize the occurrence of Type 1 and mapping location of these six SB-QTLs in multiple error. Stepwise regressions were conducted in SAS to further populations and environments, qSB-2, qSB-3-1, qSB-3-2, evaluate the marker-trait linkages identified through interval qSB-4-2, qSB-8-1, and qSB-9 can now be considered analysis and single factor ANOVA. Independent variables "confirmed" for existence and genomic location. Addiconsidered in the stepwise regressions were the same for the analysis of each of the three phenotypic traits and included tionally, a QTL was presently detected on chromosome all the marker loci that (i) had exhibited a LOD peak Ͼ 7 near to, but not identically located with a QTL pre-2.0 in the single and multilocus models analyzed by interval viously reported by Zou et al. (2000) . The molecular analyses for any of the three traits, (ii) had been significantly map used in the present study contains gaps on chromoassociated with one or more of the traits by single factor some 7 that prevent precise mapping of genetic factors ANOVA, or (iii) was located in a chromosomal region prein this genomic region. Thus, the existence of a SB-QTL 
Phenotypic and Genetic Variation for fied via interval analysis of RIL data in the present
Response to Rhizoctonia solani study. Among the previously reported QTLs that were The Teqing and Lemont control data were quite siminot confirmed by the present study was the location lar over the two years. The SB response ratings (SBRs) on chromosome 11 putatively identified in both of the of the individual Teqing plots ranged from 2 to 6 in earlier reports. Zou et al. (2000) reported a QTL with both 1995 and 1996; Lemont plot ratings ranged from the resistance allele coming from the Lemont parent 7 to 9. Teqing's average (Ϯ the standard deviation) in located on chromosome 11 where Li et al. (1995a) had 1995 was 3.7 Ϯ 1.1 and was 3.6 Ϯ 1.0 in 1996. Lemont earlier reported a LOD peak lower than their criteria averaged 8.4 Ϯ 0.8 in 1995 and 8.0 Ϯ 1.0 in 1996. Individfor declaring a QTL. Single-factor ANOVA of the presual RIL plot ratings ranged from 1 to 9 in both years ent RIL data also detected association between SB ratand calculated 2-yr averages ranged from 1.25 to 8.75 ings and markers in this chromosomal region. However, (Fig. 1) . Four RILs, namely LQ:163, LQ:200a, LQ:204a,  interval analysis of the same phenotype and marker data and LQ:207, had yearly average ratings Յ 2.0 in both sets did not support a QTL on chromosome 11. years, suggesting they might be more resistant than TeOf the five previously reported Teqing and Lemont qing. Each of these seemingly resistant RILs flowered QTLs (Li et al., 1995a), two were not confirmed with 10 to 20 d later than Teqing, and the cooler night temperthe present analysis of Lemont and Teqing RILs. These atures during this later maturation period (data not loci, one located on chromosome 9 and the other on shown) may have contributed to this apparent resistance chromosome 12, produced the lowest LOD scores among by slowing pathogen growth. These lines are also 10 to the five previously reported QTLs. These loci were also 25 cm taller than Teqing which could also have contribreported to exhibit high dominance effect but relatively uted to their apparent resistance. low additive effect. The lack of agreement between the An ANOVA indicated that differences between years earlier and the present study based on Lemont and for SBR (R 2 ϭ 0.009) was small compared to the genetic Teqing progeny may be explained by the inbreeding and differences between RILs (R 2 ϭ 0.47). Even so, linkage near-elimination of heterozygosity within the presently analyses were conducted using SBR data averaged over studied RILs. individual years as well as using 2-yr averages.
The previously reported lack of agreement between the SB-QTLs identified by Li et al. (1995a) and Zou et al. (2000) suggested that their respective resistant lines,
Confirmed and Newly Identified QTLs

Conditioning Sheath Blight Resistance
Teqing and Jasmine 85, had no SB-QTLs in common. After using replicated observation of RILs to map TeFifteen SB-QTLs attained a significant LOD score during interval analysis of the RIL data (Table 1, Fig. 2) .
qing genes in better detail, we now see that Teqing has SB-QTLs similarly located with four of the six Jasmine QTLs; namely qSB-1, qSB-4-1, qSB-5, qSB-6-1, qSB-6-2, qSB-8-2, qSB-10, and qSB-12. 85 loci reported by Zou et al. (2000) (Fig. 2) . The present study also identified eight additional QTLs in chromo-
Stepwise regression was applied to further evaluate the markers and loci found by interval analysis and somal regions not previously reported to contain SB-single-factor ANOVA to be associated with SB resisand geneticists than the portions of total variance explained by each resistance, height, or heading date QTL. tance. Six of the eight markers selected by stepwise
The two SB-QTLs presently identified as having strongregression were located at or near four of the 15 QTLs est genetic weight (Table 1) , equivalent to additive effect presently identified via interval analysis (Table 1, Fig. 2) , among the RILs, were qSB-3-1 and qSB-8-1. These SBincluding three of the QTLs now considered confirmed QTLs also had the highest LOD scores and relatively via independent analysis. Stepwise regression did not high additive effect in the earlier study on Lemont and clarify the location of a putative QTL on chromosome Teqing SB-QTLs (Li et al., 1995a) . In further agreement 7 as was hoped but identified instead a region even with that prior study, the resistance alleles at each of farther away from the originally reported SB-QTL than these loci were associated with both increased plant height the QTL identified via interval analysis (Fig. 2) . The and heading time with Teqing being the source of the marker selected by stepwise regression on chromosome resistant-tall-late allele for qSB-3-1 and Lemont being 12, G1468a, was not located near qSB-12, the QTL identhe source of the resistant-tall-late allele for qSB-8-1. tified from interval analysis of the same RIL data, but
Six of the 15 presently identified SB-QTLs had essenwas instead similarly located with a Teqing resistance tially identical LOD peaks for height and/or heading, allele reported earlier by Li et al. (1995a) . Interval analyincluding the already mentioned qSB-3-1 and qSB-8-1, sis combines information from neighboring markers to plus qSB-1, qSB-2, qSB-6-1, and qSB-12 (Fig. 2) . In two estimate the location of QTLs, while ANOVA and readditional cases, one on chromosome 4 and another on gression analyses consider each marker individually and chromosome 7 (Fig. 2) , SB resistance appeared linked to, without chromosomal or linkage context. Therefore, inbut not identically located with, alleles for late heading terval analysis is generally considered to provide a better date. The seven remaining SB-QTLs (qSB-3-2, qSB-4-2, estimate of QTL location than ANOVA and regression qSB-5, qSB-6-2, qSB-8-2, qSB-9, and qSB-10) appear analyses. In the present case, however, our ability to to be independent of plant height and heading time. accurately determine the location of qSB-12 is limited by large gaps between markers contained in this region.
Association between Sheath Blight QTLs
These gaps in molecular coverage also limit our ability and Loci Conferring Resistance to accurately evaluate the existence of two versus one to Other Rice Diseases QTL in this region. It may be that two SB-QTLs reside on chromosome 12 with one being overshadowed by Clustering of disease resistance genes into resistance gene blocks, first noted in maize (Sudapak et al., 1993) the statistically detected effects of the other locus in and lettuce (Witsenboer et al., 1995) , has been noted both the earlier and the present study.
previously in rice studies (Song et al., 1997; Tabien et al., 2002 Tabien et al., 2002) . Nine of the fifteen SB-QTLs develop when the environment is less conducive to disreported here (qSB-3-1, qSB-3-2, qSB-4-1, qSB-4-2, qSB-6-2, qSB-7, qSB-8-1, qSB-9, and qSB-10) appear ease development. The fact that tall genotypes also tend closely linked to loci affecting two or all three of the to mature later further increases the probability that loci diseases studied in this same set of RILs. A blast resisdeclared as "SB-QTLs" are indirectly affecting disease tance QTL was also reported on chromosome 12 near response through a more direct effect on plant height RG869 (Tabien et al., 2002) . This region was not a SBand/or maturity. Unfortunately, neither tall height nor QTL according to interval analysis but was identified late maturity are desired in modern U.S. rice cultivars by stepwise regression as associated with SB resistance, due to lodging tendencies and other economic reasons.
lending supportive evidence to the existence of a disease The SB-QTLs that result from direct effect on height resistance gene in this region. Loci associated with resisand maturity are not as useful to breeders as the SBtance to multiple diseases are of particular interest to QTLs disassociated with these other plant characters.
pathologists and geneticists as well as breeders as they Thus, as in the two prior SB-QTL publications, we evalmay provide clues to plant mechanisms that decrease uated association between the SB-QTLs with plant the virulence of or increase the plant's ability to resist height and maturity. Because Teqing and Lemont are many microbial pests. both semidwarf varieties containing the sd 1 semidwarf gene (Li et al., 1995b) , all of the plant height genes in
Impact on Future Breeding and Genetics Studies
this Lemont-Teqing RIL population are expected to be "modifier genes" rather than major genes, with less While this study provides independent confirmation individual effect than what breeders have come to exof association between seven chromosomal regions with pect from experience with the sd 1 gene. In the context of SB resistance, this study also verifies that the resistance genes with small individual effect, estimates of additive alleles at four of these loci are also associated with undesirably tall plant height and/or late heading time. gene effect will be more meaningful to rice breeders resistance alleles originating from Teqing. of a permanent rice mapping population to allow economical study We will be employing this strategy to more finely map of genes responsible for numerous plant and grain characters. p. response, comprising critical phenotypic data for this study.
